IMPORTANCE A neurophysiologic signature of the melanopsin-mediated persistent constriction phase of the pupillary light reflex may represent a surrogate biomarker for the integrity of the retinohypothalamic tract, with potential utility for investigating alterations in homeostatic mechanisms associated with brain disorders and implications for identifying new treatments.
age in multiple sclerosis (MS) may result in alterations in the melanopsin-mediated sustained pupillary constriction response may contribute to the identification of pathophysiologic signatures linking a simple and reproducible reflex with objective changes noted in homeostatic networks (eg, sleep-wake cycle transitions, regulation of mood and energy states, thermoregulation, cognition, eating and satiety, sexual and mating behavior, and neuroendocrine reflex arcs). [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Furthermore, evidence is mounting that the hypothalamus participates in the coordination of immune regulatory and surveillance networks.
24
Light is well known to exert regulatory influences over several central nervous system-mediated states of homeostasis. 25, 26 A decrease in light transmission from the retina to the suprachiasmatic nucleus (SCN) may result from retinal or optic nerve injury in MS. Such reductions in transmission of light may, in turn, produce dysfunction across a range of hypothalamic regulatory switch-points. [25] [26] [27] [28] Animal studies have demonstrated that the retinomesencephalic and retinohypothalamic pathways are almost exclusively driven by overlapping subtypes of melanopsinexpressing intrinsic photosensitive retinal ganglion cells (ipRGCs) (Figure 1) . 27 Carefully constructed genetic knockout studies that specifically target the ipRGCs have determined that circadian rhythm dysfunction is associated with a decrease in the melanopsin-mediated sustained pupillary constriction phase of the light reflex. 11, [26] [27] [28] [29] In human studies, advanced glaucoma (which, like MS, leads to both axonal and retinal ganglion cell neuronal degeneration) has been associated with a decrease in retinohypothalamic suppression of melatonin by light, with a corresponding reduction in sleep quality in conjunction with daytime sleepiness and fatigue. 29, 30 Several studies have described the complexity of sensitively and specifically differentiating melanopsin from rod-and cone-mediated pupillary light reflexes.
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To initiate a series of stepwise investigations aimed at elucidating the physiologic consequences of damage to retinal architecture in MS, we used a novel wavelength-differentiated pupillary light reflex protocol ( Figure 2) . 12, 14, 36 Our purpose then was to first test the hypothesis that the melanopsin-mediated sustained pupillary constriction response would be attenuated or even abolished in the context of damage to retinal architecture objectively measured by using high-speed, high-definition spectral domain optical coherence tomography (OCT).
Methods

Patient Characteristics
The study was conducted from September 6, 2012 
Pupillometry and OCT
Pupillometry was performed (DP-2000 device; Neuroptics Inc) using stimulus protocols as previously described. [12] [13] [14] 36 Testing was conducted under uniform dark conditions following 10 minutes of dark adaptation. Participants were instructed to abstain from potential pupil-modulating substances (eg, alcohol, caffeine, and anticholinergic medications) for at least 24 hours before testing. Furthermore, each participant was interviewed before the inception of the investigations to confirm that these specific instructions were followed. Investigations exploring the relative afferent pupillary defect typically aim to characterize the interocular differences in the transmission properties along the 2 afferent visual pathways. However, our goal was to better understand the association of damage to the retina as evidenced by ganglion cell layer and inner plexiform layer (GCL + IPL) thinning due to MS with attention of the melanopsin-mediated pupillary light reflexes (most particularly the persistent constriction phase of the response), similar to the rod-and cone-mediated responses, and the correlation of such derangements with discrete pathologic changes in retinal architecture (eg, thinning
Key Points
Question What is the association between the melanopsinmediated sustained pupillary constriction response with retinal architecture in multiple sclerosis?
Findings In a case-control study of 24 patients with multiple sclerosis, ganglion cell layer and inner plexiform layer thinning determined by optical coherence tomography corresponded to a significant attenuation of the melanopsin-mediated sustained pupillary constriction response.
Meaning Multiple sclerosis damage to retinal architecture indicates attenuation of the melanopsin-mediated sustained pupillary constriction response, with potential relevance for retinohypothalamic modulation of homeostatic mechanisms in health and in illness. 
Edinger-Westphal nucleus
Output of the ipRGCs to the olivary pretectal nuclei in the midbrain and the suprachiasmatic nucleus (SCN) in the hypothalamus in 2 pathways. In the first pathway, the blue lines represent those retinal projections that target midbrain circuitry involved in the production of the pupillary light reflexes. In the second pathway, the green path represents the projection from the retina to the SCN in the hypothalamus. On retinal activation, the SCN tonically inhibits the paraventricular nucleus (PVN) of the hypothalamus. Without the SCN-mediated inhibitory inputs to the PVN, the tonic activation pathway would result in the synthesis and release of pineal melatonin. ipRGCs send inputs into the midbrain pretectal nuclei, followed by innervation of the parasympathetic circuits within the Edinger-Westphal complex of the nuclear apparatus of cranial nerve III. From here, long preganglionic pupillary light reflex-mediating fibers travel superficially in the oculomotor nerve in a dorsomedial distribution until innervating the ciliary ganglion. Final projections are then transmitted as the short ciliary nerves to the sphincter muscle of the iris, thereby producing miosis of the pupils. In the second path in healthy participants, the ipRGCs send inputs to the SCN followed by inhibitory projections from the SCN to the PVN; in this way, light suppresses melatonin secretion. This complex circuitry illustrates the effects of light vs dark phases of the wake-sleep cycle transitions, which are coordinated by retinohypothalamic network physiology. Generally, the descending pathway (and then ascending following the exit of the postganglionic fibers from the lateral spinal cord into the superior cervical ganglion) from the PVN to the pineal gland results in the tonic response characteristics that promote melatonin release. However, during sunlight hours and in healthy individuals, the activation of the retinohypothalamic tract results in activation of the SCN, which then acts to inhibit the PVN and the end product of its stimulation pathway: melatonin. Alternately, and following its withdrawal of inhibitory innervation from the SCN, the PVN cell clusters are now disinhibited, and engage this highly discrete and crucially important neuroendocrine axis-the pineal-derived melatonin release apparatus-one that figures prominently in the delicate balance between sleep and waking. In multiple sclerosis (MS), over the span of the disease course, nearly 100% of the patients (if we combine both evident as well as occult mechanisms of tissue injury) will have sustained damage to the retinal architecture with corresponding ramifications on visual system processes, such as light and object formation in the central nervous system, the coordination of the pupillary light reflexes and the important mechanisms where light processed in the retina can influence a constellation of the body's homeostatic milieu (eg, sleep-wake, neuroendocrine, energy and mood states, thermoregulation, eating and satiety, maintenance of glycemic control, and sexual behavior).
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Melanopsin-Mediated Pupillary Constriction and Retina Abnormalities in Multiple Sclerosis of layers that are germane for the high-fidelity transmission characteristics in response to light activation).
14 Pupillometry was performed under conditions of varying stimulus intensities lasting 1 second with both red (622 nm) and blue (463 nm) stimuli administered alternatively in sequence to each eye. Park and colleagues 36 used highintensity isoluminant red and blue stimuli with luminance values of approximately 2.6 candelas/m 2 . We used a maximum stimulus intensity of 2.6 log lux to produce a maximum melanopsin-mediated sustained pupillary response (ie, defined as the most protracted duration of the constriction phase of the reflex) within the stimulus constraints of the instrument.
Stimulus intensity for the red and blue lights was matched for the photopic spectral sensitivity of cones, and pupillary diameter was captured at a sampling rate at 30 Hz. Retinal layer thicknesses were assessed by the use of high-speed, highdefinition spectral domain OCT (Cirrus 4000 HD-OCT; Carl Zeiss Meditec). The instrument's automated retinal segmentation analysis program was used to investigate the relationship between melanopsin-mediated sustained constriction of the pupillary light reflexes and corresponding changes in validated measures of retinal architecture (eg, mean thickness of the peripapillary retinal nerve fiber layer and mean thickness of the GCL + IPL).
Pupillary Response Analysis
The isolated melanopsin response was quantified by measuring the normalized pupil diameter 6 seconds after the red light stimulus and subtracting the normalized pupil diameter over a 1-second period that was centered at 6 seconds after a corresponding photopically matched-intensity blue light stimulus. The following paradigm is an adaptation from Park et al.
36
(
where RM mel is the quantified activity of the melanopsindriven retinomesencephalic tract, d R6 is the pupil diameter during the red stimulus at 6 seconds, d R0 is the pupil diameter immediately before the red stimulus, d B6 is the pupil diameter during the blue stimulus at 6 seconds, and d B0 is the pupil diameter immediately before the blue stimulus. As well as
where P TR is the transient pupillary response and d Bmin is the absolute minimal pupil diameter during the blue stimulus. Copyright 2017 American Medical Association. All rights reserved.
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The means of the right and left pupillary responses were determined (an approach used to inform the detection of afferent pupillary defects without influence of any efferent response contribution), and the analysis was performed in a fashion that was blinded to AON status and patient-specific OCT data.
Statistical Analysis
For the statistical analyses, we used generalized estimating equation (GEE) models to examine the capacity for the history of AON and GCL+IPL thickness above vs below the first percentile to determine mean melanopsin response at 2.6 log lux among patients with MS, accounting for age and adjusting for within-patient intereye correlations.
We grouped the eyes of patients with MS into defined cohorts contingent on specifically defined, OCT-measured thicknesses. Specifically, we dichotomized the eyes into objective designations as follows: (1) an affected eye from a patient with MS was defined by a retinal layer thickness threshold, where GCL + IPL thickness was less than the first percentile of that predicted on the basis of our normative database information; (2) alternatively, an unaffected eye from a patient with MS was defined in terms of a GCL + IPL thickness at the 5th to 95th percentile of that predicted based on the same normative database; and (3) we further dichotomized the data for individual eyes categorically grouped by a confirmed history of AON or no AON.
We also examined these categories and their capacity to predict mean melanopsin response among patients with intereye asymmetry based on GCL + IPL thickness abnormality or AON eye status. The correlation of OCT measures to mean melanopsin response was also determined using GEE models. All data were analyzed using Stata, version 13.0 (StataCorp).
Results
Patient and control participant characteristics are described in Table 1 . There was no significant difference in sex ratio between disease-free controls and patients with MS (67% vs 71%). All 24 patients with MS were characterized as having relapsingremitting MS. The mean disease duration in the MS cohort with a history of AON could not be differentiated from the cohort with no history of AON (approximtely 10 years).
The melanopsin-mediated sustained pupillary blue light response with the absolute values for GCL + IPL thickness were compared with all disease-free control and all MS eyes, regardless of their AON history. When accounting for age and adjusting for within-patient intereye correlations, we confirmed that thinning of the GCL + IPL was associated with a significantly diminished melanopsin-mediated sustained pupillary constriction in response to a blue light stimulus (P < .001 for light-intensity stimuli of 2.6 log lux) (Figure 2 and Figure 3) .
All 30 of the control participants' eyes exhibited normal response characteristics to both red and blue light stimuli compared with the reduced blue light stimulus-induced constriction response in eyes of patients with MS who had either a history of AON and/or a reduced GCL + IPL thickness (Figure 3 and Video 1). We demonstrated that history of AON among the eyes of patients with MS was a significant indicator of diminished duration for the melanopsin-sustained pupillary constriction response to blue light (mean [SD] pupil diameter ratios at a point in time, 0.19 [0.14] for eyes of patients with MS who had a history of AON vs 0.30 [0.09] for eyes of patients with MS with no such history of AON; P < .001, GEE models) ( Table 2 and Video 2).
The eyes of patients with MS were grouped by GCL + IPL thickness thresholds. This approach yielded a highly discriminative capability with respect to the relationship between structure and function (our principal hypothesis). Specifically, reductions in GCL + IPL thickness to less than the first percentile were associated with significant attenuation of the melanopsinsustained pupillary constriction response in contrast to those with thickness between the 5th and 95th percentiles (0.33 [0.09] for eyes with GCL + IPL thickness at the 5th-95th percentiles vs 0.18 [0.1] for eyes with thickness <1st percentile; P < .001, GEE models) ( Table 2 ).
In analysis of only patients with intereye asymmetry with regard to AON history and GCL + IPL thickness status (5th-95th percentile vs <1st percentile), the unaffected eyes (no AON history or GCL + IPL thickness at the 5th-95th percentile) revealed significant preservation of the melanopsin response in the fellow eyes (melanopsin response of eyes with no history of AON, 0.32 [0.07] vs 0. 19 [0.12] for the affected eyes with a history of acute AON; P = .002, GEE models) ( Table 2 ). In patients with MS exhibiting objective intereye asymmetry in GCL + IPL thickness, there was a significantly diminished melanopsin-mediated sustained constriction response (0.17 [0.11]) for those with GCL + IPL thickness less than the first percentile vs those with thickness between the 5th and 95th percentiles (0.36 [0.09]; P < .001, GEE models) ( Table 2 ).
Discussion
The objective of this investigation was to assess the relationship between validated measures of retinal architecture (eg, GCL + IPL) and the blue light-induced sustained pupillary constriction responses, specifically in people with MS who 
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either had or did not have a history of AON. The blue lightinduced response represents a potentially important neurophysiologic signature for the integrity of ipRGCs that actively express melanopsin and exhibit characteristic physiologic responses to light stimuli restricted to the blue spectrum (ie, between 400 and 500 nm). Previous studies had demonstrated correlations between retinal layer thinning and declines in several measures, including patient-reported low-contrast letter acuity, Humphrey visual fields, timing and amplitude responses of variable contrast, pattern reversal, multifocal visual-evoked potential stimuli, and the optic nerve head potential response characteristics of the multifocal electroretinogram.
40-42
Ultimately, we confirmed our principal hypothesis that, in eyes of patients with MS who have alterations of retinal architecture, the magnitude of the melanopsin-mediated sustained constriction phase of the blue light-induced pupillary response was significantly reduced. This observa- The left eye pupil diameter at 6 seconds after photopically matched red (A) and blue (B) light stimuli in a healthy control (HC) eye. We show the difference in pupil diameter as the melanopsin response. The same experimental condition is shown as that in A and B, with red (C) and blue (D) stimuli in the eye of a patient with MS and severe ganglion cell layer and inner plexiform layer thinning. There is an attenuation of the melanopsin response compared with the HC, which is seen as less of a difference in sustained pupillary contraction at 6 seconds between the red and blue light stimuli. The dashed lines indicate the co-incidence of the 2 responses to red vs blue light at 6 seconds. tion is consistent with attenuation in the function of the retinomesencephalic tract (the localization for the integration of the afferent and efferent limbs of the pupillary light reflex). A small population of ipRGCs (estimated to represent approximately 2%-3% of all ipRGCs) projects into the pretec tal olivar y nucleus for the coordination of the melanopsin-mediated pupillary light response, while some of the ipRGCs instead project into the SCN (the mammalian pacemaker) of the hypothalamus (via the retinohypothalamic tract). 11, 26 This shared origin of the retinomesencephalic and retinohypothalamic tracts raises the possibility that the structural alterations of the retina in patients with MS may correlate not only to the diminished function of the retinomesencephalic tract (as evidenced by a decrease in the melanopsin-mediated persistent constriction response) but also to diminished function of the retinohypothalamic tract and concomitant alterations in a diversity of key states in body homeostasis. 25, 26, 29, 30 The successful development of a surrogate signature for retinohypothalamic tract function could help to elucidate the pathobiological bases of some of the most debilitating symptoms faced by patients with MS as well as for those with other neurodegenerative disorders. For example, regarding the disabling symptom of fatigue in MS, a greater understanding of how retinal damage may compromise the high-precision regulation of how light input into the SCN serves to modulate the elaboration of pineal melatonin across the circadian cycle could be germane to the development of innovative treatment strategies. For instance, a patient with MS exhibiting an attenuated or even abolished persistent constriction response to a global blue light stimulus (eg, stimulation with 400-500 nm of global-spectrum blue light) may exhibit reconstituted, persistent constriction responses when the eyes are stimulated with highly discrete wavelength intervals of blue light stimulation (eg, test stimuli every 10 nm from 400 to 500 nm), with the purpose of identifying stimulus characteristics where activation of ipRGCs can be enhanced with greater stimulus specificity while using the persistent constriction phase response of the pupillary light reflex as a confirmatory neurophysiologic signature for the integrity of these cells and as a potential biomarker for the retinohypothalamic tract (a supposition we are currently investigating).
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To gain insight into how much MS-related reduction in optic nerve input can affect circadian rhythm, future investigations would involve studying how well a standard melanopsin-mediated input to the hypothalamus is capable of suppressing the rise in melatonin that occurs late in the day and triggers sleepiness ( Figure 2B ). This blue light-mediated function would provide a means for evaluating the association between the melanopsin-mediated pupillary response and sleep disorders in patients with MS.
Neither visual perception nor OCT thickness measures would constitute measures as specific as the blue lightmediated pupillary reflex for the ultimate assessment of retinohypothalamic function in health and disease states. In fact, recent work has demonstrated a correspondence between circadian disruption and pathways that regulate proinflammatory networks-an observation particularly germane to MS. 43 In the present study, a significant decrease in the sustained melanopsin response (ie, pupillary constriction) was observed when a blue light stimulus was applied to eyes with a history of AON compared with the unaffected fellow eye in the same patient. Furthermore, the melanopsin-mediated sustained pupillary response of the eyes of patients with MS without a history of AON was directly correlated with thinning of the inner retinal layers.
Patients with MS commonly develop varying degrees of tissue disorganization involving the optic nerve, retina, and central visual pathways, leading to loss in visual acuity (particularly low-contrast acuity), visual field deficits, color desaturation, illusory movements of objects in 3-dimensional space (eg, the Pulfrich phenomenon), and afferent pupillary defects.
1,2,6 However, to our knowledge, no prior human studies have functionally isolated the ipRGCs in patients with MS. The investigations described herein report a significant dysfunction of the melanopsin-mediated sustained constriction responses in patients with MS that significantly correlated with a reduction in GCL + IPL thickness. Alternatively, most patients with MS with preserved GCL + IPL thickness exhibited a preserved melanopsin response, although eyes of patients with MS that exhibited an abnormally reduced melanopsin-mediated pupillary light reflex demonstrated corresponding and significant thickness reductions in the GCL + IPL of the retina.
Notwithstanding our observations, some eyes demonstrated reduced melanopsin-mediated pupillary responses despite normal GCL + IPL thickness, an observation most likely signifying that melanopsin-mediated pupillary responses may be more specific for demonstrating the neurophysiologic integrity of the retinal-melanopsin network (ie, functional deficits may precede changes in retinal architecture analogous to changes in visual-evoked potential response metrics that often antedate the subsequent development of retinal layer thickness reductions). As such, functional deficits of the pupillary response, concomitant with near-normal or even normal retinal thickness, may represent a cardinal pathophysiologic transformation in the properties of axonal conduction in MS characterized by attenuated or even complete block of axonal conduction velocity, albeit in the absence of altered architecture within the anterior visual system.
The correspondence between neurophysiologic response characteristics with validated measures of retinal architecture may yield, for the first time, the practical bases for the identification of multiparametric signatures that are derivatives of the inextricable linkage between structure and function within "eloquently elegant" neurobiological systems.
The corroboration of our findings, in conjunction with the application of innovative methods (eg, adjusting the stimulus characteristics from global blue light to highly precise and discrete blue light stimulation at 10-nm intervals across the spectrum of blue light), may translate the identification of retinal islands of response integrity into what we believe to be an intervention not previously available for the purpose of mitigating mood disorders, circadian resynchronization, chronic fatigue (through melatonin suppression and circadian synchronization), thermodysregulation, and other homeostatic systems that would appear to be dependent on the integrity of at least a proportion of the ipRGCs.
Limitations
Correlative analyses of retinal structure and function in this study may be limited given that the melanopsin-containing retinal ganglion cells represent only a small subset of the total population of cells that contribute to thickness of the GCL + IPL. 28 For instance, the diffuse reduction in thickness of the inner retinal layers of nervous tissue (retinal nerve fiber layer and GCL + IPL) may not accurately indicate retinohypothalamic function.
Conclusions
With the advent of spectral domain OCT along with lowcontrast acuity measures, multifocal visual-evoked potential, multifocal electroretinogram, and the chromatic pupillary light reflex, we now have access to a toolbox with high-precision objective methods by which such characteristics can be detected and monitored noninvasively and longitudinally. [14] [15] [16] [17] [18] [19] Given the significant correlation of the melanopsin-mediated, persistent-constriction pupillary light reflex response with GCL + IPL thickness, we can now at least hypothesize that patients with MS with significant changes in anterior visual system architecture may be at risk for retinohypothalamic dysfunction. If confirmed, this finding may advance our understanding of the origins of a constellation of disabling manifestations commonly affiliated with MS and how we might develop strategies to mitigate them.
